ft fl  7  3  0773 


TECHNICAL  REPORT 
September  15,  1971 


ARPA  order  number: 
Program  code  number: 
Contract  number: 
Modification  number: 
Amount  of  Contract: 
Contract  Expiration: 


1479 

NR  012-133 

N00014-67-A-009 7-0008 
05 

$50,000 
June  30,  1972 


Yale  University 
New  Haven,  Connecticut  06520 


Principal  Investigator 

George  J.  Schulz 
Mason  Laboratory 
Yale  University 
New  Haven,  Connecticut 
Phone  203/436-3046 


D  D  C 


Title:  THREE-BODY  ATTACHMENT  IN  02  USING  ELECTRON  BEAMS 
by  D.  Spence  and  G.  J.  Schulz 


The  views  and  conclusions  contained  in  this  document 
are  those  of  the  authors  and  should  not  be  interpreted 
as  representing  the  official  policies  of  ARPA. 

Roproduc«d  by 

NATIONAL  TECHNICAL 

INFORMATION  SERVICE  _ _ 

Springftftld,  V».  22151  *.  '•  | 


DmUibmimi  Unlimited 


DOCUMENT  CONTROL  DATA  R  &  D 

»!!i  ’v  .  f.i  /It.  .if  i- hi  .if  ft  ■«»•./!  .  •  ?  .!*■  'r.,1  t  .III  I  ntih  >■  III.  .ium.iLi'i  m  un  f  li  •/  »t  h  in  ffn-  n  vtt.ill  rnfnirl  t  ■.  c  /.*  \  sihvtf) 


.-.A-  Mi,  A.  I  .r>  .!*.  »'»  »  »•  »  Mf  n  A'.MI  If  AIION 

YALE  UNIVERSITY  Unclassified 

New  Haven,  Connecticut.  ~  ;  I 


THREE-BODY  ATTACHMENT  IN  02  USING  ELECTRON  BEAMS 


I  t  i*ii  t  i  /  |  ’)■  '  I  |  »  pr  ■)/  rc/iiiff  iml  tin  In  ■  i  \  '  ■/,  if- 

Technical  Report _ _ 

.•.i,  i  »/•/»  ./  ji.ui’'',  nmlillf  miit.il.  In-  t  it. 

George  J .  Schulz 
David  Spence 

"fT  nV/r  : .  a  t  i 


m .  <  o  '  a i  n'j  'ii  i  a  r.  r 


>h.  NO  QK  F<f  rs 


September  15,  1971 


N00014-67-A-009 7-0008 

/>.  I  l«  O  J I  *.  *  NO 


22  +  9  figures  1  33 


fl.  A  ’  c  o  I 


.  *  '  •  I  i-  »•  i  i  c.  *«  ’  .-tm  ••tln-r  numhvrs  that  nuiv  />«.*  /?.ssi^n«'rf 

thf 


1  :  IS  1  M  »• « J  r  ton  MA’I  Ml 


Distribution  of  this  document  is  unlimited, 


n  A  h«-  l  i.  A  r 


The  three-body  attachment  reaction  in  02,  e  +  202  ->  02  +  0  ,  is  studied  by 

electron  beam  techniques.  Whereas  swarm  experiments  show  a  smooth  variation  of  the 
attachment  coefficient  with  energy,  the  present  electron  beam  experiment  shows 
pronounced  structure.  The  peaks  of  this  structure  occur  at  the  positions  of  the 
vibrational  levels  of  the  0  system,  which  serve  as  compound  states  and  have  been 
identified  in  a  previous  experiment.  These  compound  states  dominate  the  low-energy 
cross  sections  in  0_.  They  can  decay  by  autodetachment,  thus  accounting  for  the 
bulk  of  the  vibrational  cross  sections  in  C>2  at  low  energy;  alternatively,  they 
can  be  stabilized  by  a  subsequent  collision,  thus  leading  to  the  formation  of 
stable  0  ~.  Thus  we  establish  clearly  that  three-body  attachment  in  0„  is  a  two- 
stage  process  and  that  the  intermediate  is  a  vibrationally  existed  state  of  0.  . 

We  also  obtain  the  temperature  dependence  of  the  three-body  attachment  at  higner 
pressures.  The  experimental  observations  are  in  excellent  agreement  with  the 
theory  of  Chapman  and  Herzenberg. 
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THREE-BODY  ATTACHMENT  IN  02  USING  ELECTRON  BEAMS  ' 

D.  Spcnc.e  and  G.  ,1 .  Schulz 

Mason  Laboratory,  Yale  University,  New  Haven,  Conn.  06520 


The  three-body  attachment  reaction  in  02> 
e  +  202  >  02  +  0^,  is  studied  by  electron  beam  techniques. 

Whereas  swarm  experiments  show  a  smooth  variation  of  the 
attachment  coefficient  with  energy,  the  present  electron  beam 
experiment  shows  pronounced  structure.  The  peaks  of  this 
structure  occur  at  the  positions  of  the  vibrational  levels  of 
the  02  system,  which  serve  as  compound  states  and  have  been 
identified  in  a  previous  experiment.  These  compound  states 
dominate  the  low-energy  cross  sections  in  0^.  They  can  decay 
by  autodetachmenc,  thus  accounting  for  the  bulk  of  the 
vibrational  cross  sections  in  02  at  low  energy;  alternatively, 
they  can  be  stabilized  by  a  subsequent  collision,  thus  leading 
to  the  formation  of  stable  02  .  Thus  we  establish  clearly  that 
three-body  attachment  in  02  is  a  two-stage  process  and  that  the 
intermediate  is  a  vibrational] y  existed  state  of  02  .  We  also 
obtain  the  temperature  dependence  of  the  three-bodv  attachment 
at  higher  pressures.  The  experimental  observations  are  in 
excellent  agreement  with  the  theory  of  Chapman  and  Herzenberg. 
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I .  INTRODUCTION 


The  capture  of  free  electrons  by  molecular  oxygen  leading  to  the  for¬ 
mation  of  stable  molecular  negative  ions  is  one  of  the  more  important  processes 
leading  to  removal  of  thermal  electrons  from  the  upper  atmosphere.  Indeed,  in 
certain  atmospheric  plasmas,  this  is  the  dominant  electron  removal  mechanism, 
and  a  complete  understanding  of  this  mechanism  is  of  interest. 

The  attachment  of  low-energy  (0-1  eV)  electrons  to  molecular  oxygen 
has  been  the  subject  of  intensive  study  over  a  period  of  forty  years,  and  a 
wealth  of  experimental  and  theoretical  data  is  available.  However,  it  is  only 
in  recent  years  that  an  understanding  of  the  attachment  process  has  come 

,  - 

about . 

In  the  present  experiments  we  study  the  electron  attachment  process 
at  low  electron  energies  (0-1  eV)  over  a  wide  range  of  target  gas  temperatures 
using  monoenergetic  electrons.  By  the  use  of  a  monoenergetic  electron  beam  we 
are  able  to  study  details  of  the  attachment  process  hitherto  unobservable.  The 
use  of  high  target  gas  temperatures  enables  us  to  study  the  thermal  effect  on 
the  attachment  process.  This  latter  consideration  is  of  great  importance,  as 
molecular  oxygen  in  the  upper  atmosphere  is  often  at  a  high  kinetic  temoerature 
and  may  be  in  a  state  of  vibrational  excitation. 

Previous  data  and  proposed  mechanisms  for  electron  attachment  are 
reviewed  in  Section  II.  In  Sections  III  and  IV  we  discuss  the  apparatus  and 
the  acquisition  of  data.  The  experimental  results  are  presented  in  section  V 
together  with  a  comparison  of  the  latest  theoretical  work. 
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II.  SUMMARY  OF  PREVIOUS  WORK 

It  is  now  well  known  that  electron  attachment  to  molecular  oxygen  at 
low  incident  electron  energies  leading  to  the  formation  of  0^  is  a  three-body 
process,  which  proceeds  in  two  stages.  In  the  first  stage,  the  electron  is 

captured  by  the  molecule  into  a  vibrationally  excited  temporary  negative  ion 

—  * 

state,  sometimes  ctlied  a  compound  or  resonant  state;  i.e.,  09  +  e  -*  0^ 

This  excited  molecular  ion  may  subsequently  autoionize  into  a  free  electron 

and  a  neutral  molecule  which  may  be  left  in  a  vibrationally  excited  state 
— ft 

^2  '*^2 00  +  e.  Alternatively,  the  excess  energy  of  the  molecular  ion  may 

be  removed  in  a  collision  with  a  third  body,  which  in  the  case  of  pure  oxygen 

— *  — 

is  another  0^  molecule;  i.e.,  0^  +  0^  0^  vstable)  +  0^  +  KE.  Such  a  two- 

stage  process  was  first  proposed  by  Bloch  and  Bradbury"*  in  1935.  They  assumed 
that  the  potential  energy  curves  of  the  neutral  molecule  and  the  molecular  ion 
differed  only  in  a  vertical  displacement,  thus  implying  that  the  vibrational 
spacings  of  the  neutral  molecule  and  molecular  ion  are  identical.  This  res¬ 
triction  implies  that  electron  capture  can  only  occur  by  non-adiabatic  coupling 
involving  the  nuclear  velocities.  If  electron  capture  occurs  through  non- 
adiabatic  coupling,  only  the  first  vibrationally  excited  state  of  the  molecular 
ion  can  be  excited  with  a  high  probability.  This  level  must  be  above  the 
ground  state  of  so  the  electron  affinity  of  molecular  oxygen  cannot  exceed 
the  vibrational  spacing  of  the  neutral  molecule.  The  B! och-Bradbury  theory 
further  implies  that  electron  attachment  should  occur  only  at  a  unique  value  of 
incident  electron  energy,  and  the  energy  spectrum  of  0 ^  should  consist  of  a 


single  sharp  line. 
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6  7  8 

Many  early  experiments  ’  ’  indicated  that  the  attachment  process 
exhibited  a  two-body  pressure  dependence.  Because  of  this  evidence,  Bloch  and 
Bradbury  had  to  assume  that  the  lifetime  of  the  excited  state  of  O2  involve  d 
was  much  larger  than  the  time  between  molecular  collisions  so  that  most  of  the 
excited  molecular  ions  would  become  stabilized. 

In  1962  Chanin,  Phplps  and  Biondi^  showed  conclusively  from  swarm 

experiments  that  at  low  electron  energies  attachment  exhibits  a  three-body 

pressure  dependence  at  least  up  to  150  mm;  i.e.,  O2  production  varies 

9 

quadratically  as  the  gas  pressure.  This  was  verified  by  Schulz  using  an 
electron  beam  technique.  From  these  measurements  Chanin  et  al.  estime. ted  that 
the  lifetimes  of  the  excited  02  state  was  between  10-10  and  5xl0~ ' 12  sec,  much 
less  than  assumed  in  the  Bloch-Bradbury  theory.  Further,  Pack  and  Phelps  3 
have  determined  the  electron  affinity  of  02  to  be  0.43  +  0.02  eV.  This  value 
of  the  electron  affinity  has  recently  been  confirmed  by  Cellota  et  al.^® 
using  a  photoionization  technique  and  by  Compton^  et  al.  using  a  charge  ex¬ 
change  method.  This  value  of  the  electron  affinity  implies  that  vibrational 
levels  of  the  O2  state  higher  than  v=l  must  play  a  role  in  the  attachment 
mechanism,  destroying  the  simple  Bloch-Bradbury  model  of  a  vertical  displace¬ 
ment  of  the  potential  curves. 

In  a  recent  theoretical  treatment  of  three-body  attachment  in  oxygen, 

12 

Herzenberg  treats  the  problem  differently  in  two  respects.  '1)  He  removes  the 
unphysical  restriction  that  the  spacial  separations  of  the  nuclei  are  the  same 
at  the  minima  of  the  potential  curves  in  the  ion  and  neutral  molecule.  The 
removal  of  this  restriction  makes  possible  the  capture  of  the  electron  into 
more  than  only  the  first  vibrational  level  of  the  ion  through  the  much  simpler 
mechanism  of  adiabatic  coupling.  2)  Herzenberg  describes  the  initial  electron 
capture  process  in  terms  of  a  Breit-Wignerl3  formula.  The  Breit-Wigner  formula 
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is  a  general  expression  for  the  energy  dependence  of  a  cross  section  in  the 
region  of  a  resonant  or  temporary  negative  ion  state.  The  use  of  the  Breit- 
Wigner  formula  avoids  a  detailed  description  of  the  actual  capture  mechanism, 
thus  simplifying  the  problem. 

In  order  to  calculate  the  rate  of  formation  of  stable  O2  ,  it  is 
necessary  to  take  the  product  of  3  terms;  viz.  1)  the  rate  cf  formation  of  the 
excited  negative  ion  states,  2)  the  probability  that  an  ion  will  make  a  colli¬ 
sion  with  a  neutral  particle  before  decaying,  and  3)  the  probability  that  such 
a  collision  will  be  a  stabilizing  one.  Herzenberg  treats  the  collision  of  the 
ion  and  molecule  as  being  one  of  the  spiralling  type  first  described  by 
Langevin.  Herzenberg  finds  that  the  rate  constant  K  can  be  written  as  ^ 

(1)  K  (E)  =  (8/3)  (rr3  fi2/m)  (ae^M)*5  £  1^,  f  (EV' ,  E)  *  (Ev')  ( ’  / T v ’ ) 


The  symbol  v'  refers  to  a  vibrational  state  of  ,  and  v  designates  a  vibra- 

v' 

tional  state  of  C^.  The  term  Tv  is  the  entry  width  fi'om  state  v  of  to 

state  v'  of  C>2  ,  and  Tv  is  the  total  width  of  state  v'.  The  term  (ae2/M)^ 

describes  the  long-range  polarization  interaction  between  the  ion  and  molecule 

where  a  is  the  polarizability  and  £  is  the  probability  that  the  collision  of 
_ ^ 

C>2  and  O2  will  be  a  stabilizing  one.  The  reduced  wavelength  of  the  incident 

v'  ' 

electron  in  the  region  of  a  resonance  vf  i.i  "k(E  )  and  f(Ev  ,E)  is  the  value 

v' 

of  the  incident  electron  energy  distribution  at  the  resonance  energy  E  where 
the  mean  election  energy  is  E.  From  theoretical  considerations,  Herzenberg 
concludes  that  £  is  of  the  order  of  unity  for  the  low-lying  resonances. 


15  -  18 


The  vibrational  spacings  of  the  07  system  are  now  well  established, 
and  the  vibrational  levels  of  the  O2  system  have  been  accurately 


16,17 

fixed  with  respect  to  those  of  the  neutral  molecule.  The  lifetimes  of  the 


lowest  few  levels  of  0^  above  v=0  of  0^  are  believed  to  be  of  the  order  of 


sec . 


Further, 
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it  is  known  that  the  separation  of  nuclei  in  the  ion  and  molecule  are  different 

10  12  19 

at  the  minima  of  the  potential  curves.  ’  *  From  this  evidence  one  would 

expect  the  rate  constant  for  O2  production  to  consist  of  a  series  of  spikes, 
which  occur  at  the  energies  of  the  vibrational  levels  of  O2  above  v=0  of  the 
neutral  molecule.  That  these  spikes  have  never  previously  been  observed  is 
hardly  surprising  in  view  of  the  narrow  energy  distribution  necessary  to  resolve 
them  (which  usually  implies  small  primary  electron  beam  current)  combined  with 
the  need  to  operate  at  relatively  high  pressures. 

III.  APPARATUS 

Figure  1  is  a  schematic  diagram  of  the  experimental  tube  used  in  the 

20 

present  experiments.  This  tube  has  been  described  in  detail  previously  and 
only  a  brief  description  will  be  given  here. 

Electrons  are  emitted  from  a  directly-heated  thoria-coated  iridium 
filament,  and  the  effective  width  of  the  electron  energy  distributicn  is 

21 

reduced  to  about  80-100  meV  by  the  retarding  potential  difference  method. 

The  election  beam  is  confined  by  a  magnetic  field,  which  in  the  present 
experimen  s  is  about  1000  G. 

The  collision  chamber  consists  of  an  iridium  cylinder  which  can  be 
heated  by  the  passage  of  a  direct  current.  Inside  the  collision  chamber  are 
mounted  a  pair  of  parallel  iridium  plates  which  serve  as  collectors.  The 
experimental  tube,  with  the  exception  of  the  iridium  parts, are  gold  plated 
to  minimize  contact  potential  differences.  After  baking  at  300’C  for  24  hours 
the  background  pressure  in  the  vacuum  system  is  of  the  order  of  5x10  torr. 

Negative  ions  produced  in  the  collision  chamber  are  extracted  by 
maintaining  an  electric  field  between  the  parallel  plate  collectors.  The 
collected  current  is  measured  by  a  vibrating  reed  electrometer  and  stored  in 
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a  multichannel  analyzer.  The  potential  on  the  retarding  electrode  of  the 

electron  gun  and  the  add/subtrnct  current  of  the  multichannel  analyzer  are 

switched  at  the  beginning  of  alternate  scans  in  a  mode  similar  to  that 

22 

described  by  Chantry  to  give  automatic  data  recording.  The  primary  electron 
beam  current  is  typically  1.0  -  5.0»10-^  A. 

IV.  ACQUISITION  OF  DATA 

The  rate  constant  K  for  the  attachment  of  electrons  to  O2  in  a  three- 

body  process  may  be  written  as  K  =  (Qeff  V/N)»  Here,  Qeff  is  an  effective 

cross  section  for  the  production  of  stable  O2  governed  by  the  relation  i (O2  ) 

=  iQ  NQeff  L,  where  N  is  the  gas  density,  L  is  the  length  of  the  chamber,  i 

is  the  primary  electron  current,  i(02  )  is  the  negative  ion  current  and  v  is 

the  electron  velocity.  In  the  present  apparatus  there  is  no  provijion  for 

direct  measurement  of  the  gas  density  in  the  collision  chamber.  The  average 

gas  density  along  the  collision  path  is  calculated  from  measurements  of  positive 

23 

and  negative  ions  produced  by  known  electron  currents,  the  relevant  ionization 

20 

and  dissociative  attachment  cross  sections  being  known.  The  density  is  also 

measured  by  electron  beam  attenuation  experiments.  The  density  data  obtained 

in  this  way  are  plotted  against  the  background  pressure  in  the  vacuum  chamber. 

The  background  pressure  and  the  density  in  the  collision  chamber  are  found  to 

be  directly  related  over  a  range  of  five  orders  of  magnitude  in  the  background 

24 

pressure,  when  slight  corrections  for  multiple  electron  scattering  in  the 
collision  chamber  are  made  at  the  highest  gas  densities.  The  ratio  of  gas 
density  in  the  collision  chamber  to  that  in  the  background  is  about  200. 

The  magnitude  of  is  determined  by  measuring  the  O2  current  at 

low  incident  electron  energy,  and  normalizing  this  signal  against  the  0 
current  produced  from  dissociative  attachment  in  oxygen  at  6.7  eV,  using  the 
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same  target  gas  density  and  electron  beam  current.  The  rate  constant  for  O2 

production  peaks  at  about  0.1  oV,  whereas  the  dissociative  attachment  cross 

section  for  production  of  0  peaks  at  an  incident  electron  energy  of  6.7  eV 

25 

and  has  been  measured  in  many  independent  experiments  to  be  1.30  +  0.05 

_  1  o  0  _ 

10  cm" .  Since  the  rate  of  production  of  0.,  varies  quadratically  with 

target  gas  density  and  that  for  0  varies  linearly,  the  ratio  of  the  two  currents 

should  vary  linearly  with  density.  Figure  2  shows  a  plot  of  the  ratio  of  the 

negative  ion  current  at  0.1  eV  to  negative  ion  current  at  6.7  eV.  The  plot  is 

seen  to  be  linear  over  a  wide  range  of  target  gas  densities,  indicating  that 

the  peak  at  0.1  eV  docs  vary  quadratically  with  the  gas  density  and  is  indeed 

02  .  'Deviations  from  linearity  occur  when  the  target  gas  density  becomes 

greater  than  about  4  x  lO^cnT^.  Above  this  density  the  collision  number,  NQL, 

(where  N  is  the  gas  density,  Q  the  elastic  cross  section  for  electrons,  and  L 

the  collision  chamber  length)  becomes  significantly  greater  than  one.  Under 

such  conditions  a  significant  fraction  of  electrons  make  elastic  collisions  in 

the  collision  chamber,  thus  effectively  increasing  the  path  length  over  which 

the  electrons  may  collide  to  form  a  negative  ion.  The  theory  of  electron-gas 

collisions  at  intermediate  and  high  gas  pressures  has  been  developed  by 

24 

Chantry,  Phelps  and  Schulz  .  The  equivalent  length  factors  g^  and  g2  for  the 

production  of  O2  and  0  at  0.1  and  6.7  eV  respectively  are  obtained  from  Fig.  7 

of  Ref.  24.  The  elastic  collision  number  is  calculated  using  the  elastic 

26  -"l  6 

scattering  cross  section  of  Hake  and  Phelps  who  obtained  Qe^astic  =  ^ 

1  A  0 

enr  at  0.1  eV  and  Qc  1  as t i c.  =  ^-4  ^  enr  at  6.7  eV.  The  ratio 
plotted  as  the  dashed  curve  in  Fig.  3  and  is  normalized  to  the  linear  part  of 
the  experimental  curve.  Although  this  theory  indicates  the  correct  density 
at  which  the  deviations  from  linearity  occur,  the  experimental  and  theoretical 
points  do  not  exactly  coincide.  The  equivalent  length  factors  are  dependent 


-9- 


upon  the  ratio  1/m  =  inelastic  cross  section/elastic  cross  section.  Chantry, 
Phelps  and  Schulz  plot  the  equivalent  length  factos  for  1/m  =  0,  0.01  and  0.10. 

Tn  estimating  f°r  0  production  at  6.7  eV  we  have  used  1/m  =  0.01.  The 
true  value  of  1/m  at  this  energy  is  0.025.  This  results  in  a  slight  over¬ 
estimate  of  g2  and  a  consequent  understimate  in  the  ratio  g^/ g,  ,  causing 
divergence  between  the  experimental  and  calculated  curves.  The  calculations 
do, however,  explain  qualitatively  the  divergence  from  linearity. 

Negative  ions  are  collected  with  a  draw-out  field  sufficient  to 
collect  all  the  ions  formed.  Particular  care  is  taken  that  no  potential  well 
occurs  in  the  collision  chamber  when  collecting  the  O2  current.  Such  a 

potential  well  would  result  in  the  collection  of  elastically  and  inelastically 

27 

scattered  ("trapped")  electrons  in  addition  to  the  true  O2  signal.  The 

linearity  of  the  plot  in  Fig. 2  is  an  indication  that  no  such  potential  well 

exists.  Effective  cross  sections  measured  with  beam  currents  of  1-5  x  10  7  A 

-8 

are  the  same  as  those  measured  with  beams  of  3  x  10  A,  indicating  that  any 
space  charge  effects  are  negligible.  The  O2  ions  formed  have  very  little 
kinetic  energy  and  quite  low  draw-out  fields  are  sufficient  to  ensure  saturation. 
Because  of  the  low  energy  of  the  O2  ions,  care  must  be  taken  that  the  Larmor 
radius  of  the  ions  in  the  magnetic  field  is  not  less  than  the  distance  of  the 
collection  plate  from  the  point  of  formation  of  the  ions.  If  this  were  the 
case,  O2  ions  would  be  lost  to  the  side  walls  of  the  collision  chamber.  The 
effective  cross  section  for  electron  attachment  to  09  is  found  to  be  independent 
of  the  magnetic  field  for  values  between  500-1500  G.  If  the  magnetic  field  is 
increased  above  1500  C,  a  rapid  decrease  in  the  O2  signal  occurs. 
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V.  RESULTS 

Figure  3  is  a  recorder  tracing  of  the  0^  current  as  a  function  of 

electron  energy.  This  trace  represents  the  signal  produced  by  the  averaging  of 

256  successive  electron  energy  scans  in  the  multichannel  analyzer.  The  vibrational 

energy  levels  of  the  0?  system  with  respect  to  the  ground  vibrational  state  of  the 

neutral  molecule  have  been  determined  previously^  and  are  shown  at  the  top  of  the 

figure.  The  experimental  peaks  in  the  effective  0^  cross  section  are  seen  to 

occur  whenever  the  incident  electron  energy  coincides  with  a  vibrational  level  of 

— * 

the  negative  ion  system.  The  lifetimes  of  the  lowest  levels  of  the  0^  system 
above  v'=4  are  long  (10  ^sec)  and  hence  the  widths  of  the  levels  are  narrow, 
about  10  uV.  Consequently  the  effective  cross  section  for  0^  production  should 
consist  of  a  series  of  spikes  10  uV  wide.  The  observed  widths  and  the  overlapping 
of  the  peaks  in  the  present  experiments  are  due  entirely  to  the  energy  spread  of 
the  primary  electron  beam. 

The  rate  constant  in  arbitrary  units  is  calculated  from  the  effective 

1/2 

cross  section  of  Fig.  3  by  multiplying  it  by  E  where  E  is  the  incident 

electron  energy.  The  rate  constant  calculated  in  this  way  is  plotted  in  Fig.  4. 

Also  plotted  in  Fig.  4  is  the  maximum  theoretical  rate  constant  for  three-body 

4  14 

attachment  calculated  by  Chapman  and  Herzenberg  ’  for  a  Gaussian  electron 

energy  distribution  with  a  half-width  of  110  mV,  The  experimental  points  have 

been  normalized  to  the  theoretical  points  at  the  second  peak  in  the  rate  constant. 

The  maximum  theoretical  rate  constant  is  calculated  from  Eq.l  by  assuming  that 

— A 

f,  (the  probability  that  a  collision  between  0^  and  0£  will  be  a  stabilizing 

v ?  V  ? 

one)  is  unity  and  independent  of  energy.  In  the  calculations,  I'  /T  ,  the 

probability  that  an  excited  state  v'  of  the  ion  will  decay  into  a  given  state 

v ' 

v  of  the  molecule  is  obtained  theoretically,  and  the  resonance  energies  E 
are  obtained  from  experimental  data.  The  agreement  between  the  theory  and  the 


i 


-11- 


present  experiment  is  seen  to  be  particularly  good  at  low  energy;  small  deviations 
occur  above  about  0.6  eV.  As  pointed  out  to  us  by  Herzenberg,  this  deviation 
could  result  from  a  variation  of  the  coefficient  £  with  energy.  One  would 
expect  that  at  higher  incident  energies  'corresponding  to  the  excitation  of 
high  levels  of  the  O2  system),  stabilization  is  more  difficult  because  the  O2  * 
system  may  still  end  up  in  an  autoionizing  state,  and  only  particularly  favorable 
events  will  lead  to  the  formation  of  stable  O2  .  On  the  other  hand,  when  the 
incident  electron  produces  O2  in  the  4th  vibrational  state,  most  collisions 
are  expected  to  be  of  the  stabilizing  kind.  This  effect,  leading  to  a  decrease 
in  the  stabilization  coefficient  with  energy,  is  not  included  in  the  theory  and 
could  cause  the  discrepancy  of  Fig.  4 

The  present  data  are  compared  with  the  swarm  experiments  of  Pack  and 

3  3 

Phelps  in  Fig.  5  Here  we  have  normalized  our  data  to  those  of  Pack  and  Phelps 

at  the  first  peak.  Figure  5  shows  that  although  the  electron  energy  spread  in 

the  swarm  experiments  is  too  large  to  resolve  any  structure,  the  swarm  data  do 

follow  very  closely  the  envelope  of  the  present  data.  The  swarm  data  are  higher 

at  b’gher  energy,  compared  to  the  electron  beam  data  because  the  electron 

energy  distributions  in  the  two  types  of  experiment  differ  considerably.  In  a 

swarm  experiment  the  electron  energy  spread  is  approximately  equal  to  half  the 

mean  electron  energy. 

The  absolute  value  of  the  rate  constant  is  calculated  from  the  data 

of  Fig.  4  combined  with  Fig.  3,  the  cross  section  for  0  / O2  production  at  6.7  eV 

being  known.  The  absolute  rate  constant  at  the  peak  which  occurs  at  about 

—  TO  fi 

0.09  eV  is  found  to  be  (5.6  +  1.3)  x  10  cm  in  the  present  work.  Thi^  value 
is  in  very  good  agreement  with  that  of  Chanin,  Phelps  and  Eiond i , ^  and  of  Pack 
and  Phelps^  who  give  a  value  of  4.8  x  I0_30cm^/sec.  Both  these  experimental 


values  are  also  in  very  good  agreement  with  the  maximum  theoretical  value  of 
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4.7  x  10  30cm‘7  sec.  calculated^  for  an  electron  energy  distribution  of  110  meV. 
The  agreement  between  the  experimental  and  theoretical  value  indicates  that  for 
at  least  the  low  vibrational  levels  of  ,  £  the  probability  that  a  collision 
will  be  a  stabilizing  one,  is  indeed  very  close  tn  unity.  To  obtain  better 
agreement  between  theory  and  experiment  at  the  higher  energies  would  entail 
very  much  more  complicated  calculations. 

VI.  TEMPERATURE  DEPENDENCE 

For  measurements  of  the  rate  constant  at  high  gas  temperatures,  the 

collision  chamber  is  heated  by  passing  a  direct  current  through  it.  For  a 

fixed  rate  of  gas  flow  through  the  system,  the  density  in  the  collision 
-1/2 

chamber  falls  as  T  .  For  a  fixed  electron  current,  the  flow  rate  of  the 

gas  is  increased  until  the  0  current  at  6.7  eV  is  the  same  as  that  produced 

at  room  temperature.  This  insures  that  the  gas  density  in  the  collision  region 

remains  constant  as  the  gas  temperature  is  increased.  The  cross  section  for 

0  / O2  production  at  6.7  eV  is  known  to  be  essentially  independent  of  gas 
20  28 

temperature  *  in  the  range  300-1000°K.  Figure  5  shows  a  comparison  of  the 
present  data  and  those  of  swarm  experiments^’"^  at  room  temperature  and  at 
500°K.  Although  the  swarm  data  fits  the  envelope  of  the  present  data  very  well 
at  both  temperatures,  a  larger  temperature  dependence  of  the  first  peak  is  in¬ 
dicated  by  the  swarm  experiments  than  in  the  present  data.  As  mentioned 
earlier,  the  measured  shape  of  the  rate  constant  is  a  convolution  of  the 
electron  energy  spread  with  a  set  of  narrow  spikes,  whose  spacing  is  equal  to 
the  vibrational  spacings  of  the  negative  ion  system.  Consequently,  the  peak 

height  of  the  measured  signal  will  be  critically  dependent  on  the  electron 
29 


energy  spread. 
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In  the  present  experiments  only  single  ml  1  h.imr,  I  ■  ■  ■  . . . .  in.  i  Imi 

electrons  and  the  target  molecule  occur  and  thus  tin-  in>  Mi  ui  >  I  >  •  . . . 

spread  is  not  altered  ac  the  gas  temperature  i  in- lea-ev. .  In  -.w.ii . .  i  

the  electrons  make  many  collisions  and  the  eni-rgv  '.pir.nl  I  lm  i  i  r.r.l  in  i  In 
thermal  motions  of  the  target  gas.  The  increase  in  em-i  j-v  .|  i  >  el  "III  Hihi  Inn 
be  greater  at  higher  gas  temperatures,  leading  to  a  decrease  in  I '  «■  nuMniiel 
value  of  K  at  the  peak.  This  effect  may  partially  explain  the  d  I  m  i epan<  v 
between  the  present  data  and  thus-'  obtained  f'-on  swarms. 

Figure  6  shows  a  plot  of  the  temperature  dependence  of  the  rate  cons¬ 
tant  at  the  first  peak.  Also  shown  in  Fig.  6  are  the  results  of  back  and  Phelps. 
The  present  data  are  normalized  to  those  of  Pack  and  Phelps  at  0.09  eV  and  300°K. 
In  the  present  experiments  it  is  not  possible  to  extend  measurements  much  above 

750°K,  because  thermal  drifts  in  the  feedthrough  insulators  of  the  collision 

30 

chamber  made  long  term  averaging  of  the  very  small  O2  currents  impossible. 

Both  the  present  and  the  swarm  data  of  Fig.  3  indicate  that  the  tem¬ 
perature  dependence  of  the  rate  constant  becomes  less  pronounced  as  the  energy 
increases.  This  is  illustrated  more  clearly  in  Fig.  7  where  we  have  plotted 
the  fractional  change  in  the  rate  constant  as  a  function  of  gas  temperature  at 
electron  energies  of  0.09,  0. 34  and  0.57  eV.  These  electron  energies  corres¬ 
pond  to  the  energies  of  the  v'=4,  6  and  8  vibrational  states  of  O2  .  The 
reactions  which  can  occur  when  an  O2  ion  collides  with  a  neutral  09  molecule 
are : 

— >v  — 

O2  +  O9  -*■  O2  +  O2  +  energy  (i) 

O2  +  O2  -*•  O2  +  O2  +  energy  (ii) 

0-7  +  O9  -*•  O9  +  0  q  +  e 


(ill) 


-14- 


l,v  ii  i  imi  (i)  Is  (lie  st  .ibi  1  izntion  process  in  which  either  or  O2  may  be  left 
1  '<.  lii'il,  piiiv  I  ilril  on  1  v  that  the  negative  ion  is  stable  against  emission  of  an 
.  I.  .  1  mu.  Ihsu  i  Ion  (li)  is  elastic  or  inelastic  scattering  leaving  C'2  with 
1,1  1  1 1  I  int  energy  to  emit  an  electron,  Reaction  (iii)  is  electron  detachment, 

.in I  ran  he  a  powerful  reaction  when  the  collision  partners  have  sufficient 

I .! 

energy • 


VII.  HIGH  PRESSURE  MEASUREMENTS 

1 5  -3 

At  target  gas  densities  greater  than  about  lO^cm  ,  a  large  broad 

peak  centered  at  about  0.6  eV  incident  electron  energy  is  seen  to  appear  on  the 

effective  cross  section  for  O2  production.  This  broad  peak,  illustrated  in 

Fig.  8  increases  at  a  rate  greater  than  the  square  of  the  gas  density  and  has 

31 

previously  been  observed  by  Schulz  in  1961  in  a  total  ion  collection  apparatus, 
32 

and  by  Compton  in  an  apparatus  with  mass  analysis.  The  latter  study  definitely 

identifies  the  ion  involved  as  being  O2  •  Such  a  peak  is  not  observed  in  swarm 

experiments  even  at  100  times  higher  gas  densities.  Measurements  of  the  ratio 

of  the  magnitude  of  the  broad  peak  at  0.6  eV  to  the  magnitude  of  the  peak  at 

about  0.1  eV  exhibit  a  linear  pressure  dependence,  as  shown  in  Fig.  9.  Since 

2 

we  have  previously  shown  that  the  peak  at  0.1  eV  varies  as  N  ,  Fig.  9  indicates 

3 

that  the  peak  at  0.6  eV  varies  as  N  .  Measurements  show  that  the  ratio  (peak 
0.6  eV/peak  0.1  eV)  is  Independent  of  the  incident  electron  current. 
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There  are  at  least  two  possible  explanations  for  this  broad  peak: 

(1)  Oxygen  at  room  temperature  is  able  to  form  dimers,  i.e.,  O2  +  O2  -*■  O4 . 

The  rate  constant  of  such  a  process  is  of  course  dependent  on  N^.  It  is 

possible  that  an  oxygen  dimer  so  formed  would  undergo  dissociative  attachment 

by  electron  impact,  leaving  the  molecular  ion  vibrationally  excited,  i.e., 

0^  +  e  ->  O2  +  O2  .  This  excited  molecular  ion  could  then  be  stabilized  by  a 

collision  with  another  09  molecule.  Combinations  of  the  two  above  processes 

3 

would  yield  an  09  signal  which  varies  as  N  consistent  with  our  observations. 
However,  such  a  process,  if  it  exists,  should  be  observ  u  in  swarm  experiments, 
which  is  not  the  case.  The  binding  energy  of  0^  is  very  small  and  if  the  ob¬ 
served  peak  at  0.6  eV  were  due  to  the  above  pi">'.,Co.s,  it  would  disappear  on 
heating  the  gas  by  a  few  hundred  degrees  by  i amoving  any  0^ .  It  is  found, 
however,  that  the  magnitude  of  the  O2  peak  eV  does  not  strongly  depend  on 
the  gas  temperature.  Thi*  fact  seems  to  rule  out  dimers  as  a  cause  for  the 
0.6  eV  peak. 

(2)  if  the  incident  electrons  lose  most  of  their  energy  in  an  inelastic 

collision  with  the  target  gas,  they  will  then  be  able  to  participate  in  the 

usual  three-body  attachment  process  at  low  electron  energv.  Such  a  process  can 

occur  when  the  gas  density  is  high  enough  to  cause  multiple  scattering  of  the 

3 

electrons  and  the  0^  current  produced  will  then  vary  as  N  . 

16 

We  have  previously  shown  that  the  vibrational  excitation  cross 
section  of  molecular  oxygen  consists  of  a  series  of  spikes  which  are  coincident 
in  energy  with  the  resonances  (vibrational  levels)  in  the  negative  ion  system. 
When  an  electron  with  initial  energy,  Vn,  excites  a  vibrational  state  of  oxygen 
via  one  of  these  negative  ion  states,  the  electron  is  left  with  an  energy  E  = 

(  -  Vx  j,  where  V  is  the  energy  of  the  final  vibrational  state  of  the  neutral 

Using  the  data  of  Ref  16,  Chapman  and  Herzonberg  have  extended  to 


molecule . 
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higher  enerjies  the  vibrational  excitation  cross  section  for  v  =  1,  2  and  3  of  0^- 

Their  data  show  that  the  envelope  of  the  spikes  for  the  v  =  1  cross  section  has 

a  maximum  at  about  0.6  eV,  and  for  v  =  2  at  about  0.9  eV.  This  finding  is  in 

17 

good  agreement  with  the  recently  reported  results  of  Linder  and  Schmidt  who 
observe  experimentally  that  the  envelope  of  the  spikes  for  v  =  1  peaks  around 
0.6  oV.  We  have  used  the  data  of  Chapman  and  Herzenberg  to  calculate  the  rela¬ 
tive  fraction  of  the  incident  electrons  which  suffer  a  particular  energy  loss,  i.e. 

the  relative  fractions  of  electrons  whose  final  energy  is  (  V  -  V  ).  The  rela- 

o  x 

tive  current  of  produced  in  a  three-body  collision  by  these  electrons  which 

have  energy  is  calculated  by  use  of  Fig.  3.  The  calculated  current  of  Og 

produced  by  electrons  which  have  suffered  this  energy  loss  mechanism  is  shown  in 

Fig.  8  by  the  dashed  curve.  This  figure  shows  that  the  process  described  above 

predicts  very  well  the  observed  shape  of  the  effective  09  cross  section  at  high 

densities,  and  satisfies  the  required  pressure  dependence. 

The  process  which  we  invoke  for  the  explanation  of  the  0.6  eV  peak  in 

33 

Fig.  8  is  entirely  analogous  to  the  process  described  by  Chantry  to  explain  the 

peaks  which  occur  in  the  dissociative  attachment  cross  section  in  molecular  oxygen 

2 

at  15  eV.  In  dissociative  attachment  the  observed  signal  is  proportional  to  N 

3 

whereas  in  our  case  it  is  proportional  to  N  . 

The  above  mechanism  does  not  produce  a  peak  at  0.6  eV  in  swarm  experi¬ 
ments.  In  an  electron  beam  experiment  the  electrons  in  the  collision  chamber  are 
not  subject  to  any  accelerating  electric  field  along  their  path.  Consequently,  once 
an  electron  has  lost  energy  in  an  inelastic  collision,  it  may  fall  into  an  energy 
range  where  three-body  attachment  is  at  its  peak.  In  a  swarm  experiment  the  elec¬ 
trons  are  subject  to  a  uniform  accelerating  field  and  thus  continually  gain 
energy  from  the  field  and  lose  energy  in  inelastic  collision.  After  the  first 
few  hundred  collisions  the  electron  energy  distribution  is  independent  of  position. 
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VTU.  DISCUSSION 

We  have  pointed  out  previously  that  electron  collision  processes  at 
low  energies  in  diatomic  molecules  are  dominated  by  the  existence  of  the  com¬ 
pound  states.  This  paper  points  out  that  even  three-body  attachment  processes 
must  be  interpreted  in  terms  of  these  compound  states.  The  parameters  of  the 
compound  state  in  O2  are  now  well  enough  known  so  that  a  meaningful  theoretical 
treatment  is  possible.  This  task  lias  been  recently  completed  bv  Chapman  and 
Herzenberg,  who  could  calculate  both  the  vibrational  cross  sections  and  three- 
body  attachment  from  the  parameters  of  the  compound  state. 
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150  meV,  any  structure  is  completely  smeared  out,  producing  an  envelope 

similar  to  that  obtained  by  Pack  and  Phelps.  Further,  according  to  these 

“30  6 

calculations,  the  first  peak  of  K  is  reduced  from  7.1  10  cm  /sec.  for 

max 
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70  meV  energy  spread,  to  3.0  x  10  cm  /sec.  for  150  meV  energy  spread, 
illustrating  the  sensitivity  of  the  measured  value  on  the  incident  elec¬ 
tron  energy  spread. 

30.  The  same  apparatus  has  been  used  to  measure  the  temperature  dependence  of 
other  collision  cr  )ss  sections  up  to  temperatures  as  high  as  1300°K.  How¬ 
ever,  in  these  cases  the  cross  sections  were  larger  and  no  signal  averaging 
was  required. 
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FIGURE  CAPTIONS 

Fig.  1:  Schematic  diagram  of  the  apparatus. 

Fig.  2:  Ratio  of  the  0^  current  at  0.1  eV  to  the  0  current  at  6.7  eV, 

plotted  as  a  function  of  target  gas  density  N.  The  linear  plot  shows  that  the 

2 

0^  signal  is  dependent  upon  N  .  All  measurements  of  the  rate  constant  K  were 
made  at  a  target  gas  density  on  the  linear  part  of  this  plot. 

Fig.  3:  The  effective  ■  -section  for  production  of  stable  ^  a 
function  of  incident  electron  energy.  The  vibrational  spacing;;  of  the  0^ 
system  which  were  obtained  in  previous  experiments  are  indicated  at  the  top  of 
the  figure. 

Fig.  4:  The  three-body  rate  constant  K  for  production  of  0^  in  pure  0^, 
in  comparison  with  the  theoretical  data  of  Chapman  and  Herzenberg,  plotted  as  a 
function  of  incident  electron  energy.  The  present  data  and  those  of  Chapman  and 
Herzenberg  are  normalized  at  the  second  peak.  The  vibrational  spacing  of  the  0^ 
system  are  indicated  at  the  top  of  the  figure. 

Fig.  5:  The  three-body  rate  constant  K  for  production  of  0^  in  pure  0^ 
at  300°K  and  500°K,  normalized  to  the  experimental  data  of  Pack  and  Phelps  at  the 
peak  of  their  300°K  curve.  The.  vibrational  spacings  of  the  0^  system  are  indicated 
at  the  top  of  the  figure. 

Fig.  6:  Temperature  dependence  of  the  peak  at  0.09  eV  in  the  rate  constant 
K  for  production  of  0^  in  pure  0^.  in  comparison  with  the  experiment  of  Pack  and 
Phelps.  The  present  data  are  normalized  to  those  of  Pack  and  Phelps  at  300°K. 

Fig.  7:  Fractional  variation  of  the  three-body  rate  constant  as  a  function 
of  target  gas  temperature.  The  data,  which  are  plotted  for  three  incident  electron 
energies,  show  that  the  rate  constant  is  less  dependent  on  target  gas  temperature 
at  higher  incident  electron  energy. 
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Fig.  8:  Effective!  cross-section  for  production  in  pure  O2  at  high 
target  gas  density  as  a  function  '  incident  pi  "‘•’•on  energy.  The  data  show 
a  large  "hump"  centered  around  0.6  eV.  The  lower  (dashed)  curve  shows  the 
calculated  cross-section  for  0  production  by  electrons  which  have  lost  energy 
in  making  an  inelastic  collision.  The  vibrational  spacings  of  the  O2  system 
are  indicated  at  the  top  of  the  figure. 

Fig.  9:  Ratio  of  the  O2  peak  at  0.6  eV  to  the  O2  peak  at  0  1  eV. 

This  plot  indicates  that  the  "hump"  at  0.6  eV  in  Fig  9  is  dependent  on  the 
cube  of  the  target  gas  density. 
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